Abstract-A next generation fiber-optic microsensor based on the extrinsic Fabry-Perot interferometric (EFPI) technique has been developed for pressure measurements. The basic physics governing the operation of these sensors makes them relatively tolerant or immune to the effects of hightemperature, high-EMI, and highly-corrosive environments. This pressure microsensor represents a significant improvement in size and performance over previous generation sensors. To achieve the desired overall size and sensitivity, numerical modeling of diaphragm deflection was incorporated in the design, with the desired dimensions and calculated material properties. With an outer diameter of approximately 250 lm, a dynamic operating range of over 250 mmHg, and a sampling frequency of 960 Hz, this sensor is ideal for the minimally invasive measurement of physiologic pressures and incorporation in catheter-based instrumentation. Nine individual sensors were calibrated and characterized by comparing the output to a U.S. National Institute of Standards and Technology (NIST) Traceable reference pressure over the range of 0-250 mmHg. The microsensor performance demonstrated accuracy of better than 2% full-scale output, and repeatability, and hysteresis of better than 1% full-scale output. Additionally, fatigue effects on five additional sensors were 0.25% full-scale output after over 10,000 pressure cycles.
INTRODUCTION
The use of fiber-optic sensors for physiologic applications has great appeal based on fundamental characteristics, such as miniature size, immunity to electromagnetic interference, and patient isolation from electric current. Based on these characteristics, fiber-optic sensors can be used to monitor various physiological parameters in anatomical structures and in ways that other solid state sensors cannot be used.
Fiber-optic sensors are based on the transmission of light through a wave guide and subsequent analysis of specific properties of the returned light, such as intensity, wavelength, phase shift, and/or spectral composition that have been altered directly or indirectly by the parameter to be measured. This flexible platform has been exploited for sensing numerous biomedical parameters, including pressure, 4, 9 temperature, 11 shape and position, 7 blood perfusion, 3 gases and vapors, pH, presence of organics, specific enzymes, antibodies, DNA, bacterial detection, 24 pathogens, biochemical reactions, and toxins. 12 There are several fiber-optic-based pressure sensors, with varying performance characteristics that are currently available and have been used in a variety of physiologic applications (Table 1 ). This brief communication describes a next generation ultraminiature pressure sensor system that uses the extrinsic FabryPerot interferometric (EFPI) measurement technique 16 and has improved potential for a wide range of medical applications. The first generation miniature fiber-optic physical sensor has been described and characterized previously. 1, 10, 25 Size, accuracy, repeatability, sensitivity, resolution, and hysteresis and fatigue effects are critical performance criteria that were tested in this new sensor.
METHODS

Sensor Design
These diaphragm-based pressure microsensors function with the formation of a low-finesse FabryPerot cavity between the polished end-face of a fiber and a reflective surface that deflects with pressure ( Fig. 1) . Light emitted from a broadband source is passed through a single fiber, where a portion of the light is reflected off the fiber/air interface (R1). The remaining light propagates through the air gap between the fiber and the diaphragm and is reflected back into the fiber (R2). R1 is the reference (fixed) reflection while R2 is the sensing (variable) reflection. These two light waves interfere constructively or destructively based on the path length difference between the sensing reflection and the reference reflection. The resulting interferogram travels back through the optical fiber to the demodulation unit. 10 Absolute gap information is contained in the frequency content of the returned signal (Fig. 1) . 22 Therefore, as the diaphragm deflects due to pressure changes, the interference pattern of the returned light can be demodulated to calculate the path length difference, which is then correlated with an absolute pressure level.
The FiberPro 2 TM optical demodulation system is capable of accurately measuring a path length change of less than 1 nm. Therefore, to obtain the desired resolution of 0.5 mmHg, the diaphragm deflection profile must be at least 2 nm/mmHg in the desired dynamic pressure range (0-250 mmHg). Diaphragm construction, including size, thickness, and material properties, was designed to achieve the necessary sensitivity based on the DiGiovanni elasticity equation 6 for deflection of a rigidly supported diaphragm (1) . The model for the rigidly supported diaphragm was chosen due to the fact that it would provide the least sensitive estimate of sensor function.
where P represents pressure, y the deflection, a the radius, h the thickness, l the Poisson's ratio, and E the Young's modulus. Photoetching of silicon-based materials was used to fabricate the sensor heads to these desired specifications, though the construction was not truly a rigidly supported diaphragm. In addition, elasticity analysis was performed on the sensor body to guide the dimensions to ensure deformation of the body would be negligible compared to the diaphragm deflection.
Sensor Calibration
The pressure microsensors were calibrated over the defined dynamic range of 0-250 mmHg by utilizing a digitally controlled hydraulic pressure regulation system (Ruska Model # 7250, GE Sensing, Houston, TX) to systematically step through the pressure profile. Pressure microsensors were placed in a sealed and water-filled pressure chamber (approximate volume: 4 mL) that was in series with pressurized air and the pressure regulation system and maintained in an isothermal ice water bath. The pressure regulation system was programmed to step the pressure through two successive cycles from 0 to 250 mmHg and back to 0 mmHg in steps of 25 mmHg, with a resolution of 0.05 mmHg. Each discrete pressure level was held steady for 20-s prior to advancing to the next pressure level. The 20-s dwell time for each pressure would be reset if the value at any time fell outside of the 0.05 mmHg tolerance that was specified. Data was logged with the custom software for the FiberPro 2 TM (Luna Innovations) demodulation system, and used to generate calibration curves for each sensor (pressure vs. sensor response).
Sensor Performance
A custom-designed pressure chamber that was mounted on an ElectroForce 3200 Test Device (Bose Corp., Eden Prairie, MN) was used to test the microsensor performance. The test device was controlled using WinTest Control software (Bose Corp., Eden Prairie, MN). The pressure chamber was filled with degassed water to prevent errant readings caused by air bubbles on the sensor. Actuation of the test device crosshead provided pressure changes of 0-250 mmHg (gage). The microsensor was placed in the pressure chamber and subjected to a 0.02 Hz sawtooth signal that cycled in a linear fashion at the rate of 8.8 mmHg/s from ambient to 250 mmHg and then decreased to ambient pressure for five cycles. The chamber pressure was measured with a NIST Traceable 500 mmHg Sensotec FPG gage pressure transducer (Sensotec, Columbus, OH) that was accurate to 0.25% full scale. The chamber pressure and microsensor pressure were collected simultaneously at 10 Hz.
Testing was performed to determine the transducer response performance characteristics of accuracy, repeatability, and hysteresis. The output of the pressure microsensor (EFPI gap deflection) was plotted as a function of the NIST Traceable reference pressure. The algebraic difference between the ''measured'' pressure as indicated by the pressure microsensor and the ''true'' NIST Traceable reference pressure was defined as the transducer's error. Accuracy was defined as the ratio of the maximum error to the full-scale output (FSO). Repeatability of the transducer was defined as the ability of the transducer to reproduce an output reading when the same measurand value was applied to it consecutively, under the same conditions while the pressure was increased from ambient to 250 mmHg. Hysteresis was defined as the maximum difference between any pair of output readings obtained during a pressure cycle of the transducer when the measurand level was first increased and then decreased throughout the entire pressure range of the transducer. All performance characteristics were specified as a percentage of FSO. Nine sensors were tested.
Fatigue Testing
To investigate fatigue, sensor response was evaluated as a function of cycling pressures. Three standard pressure response curves were generated with the Ruska pressure regulation system, as described (0-250 mmHg) on five individual pressure microsensors before and after being exposed to 1,000 and 10,000 cycles of a 0-300 mmHg, 1 Hz square pressure wave (pre-cycle, post 1,000 cycles, and post 10,000 cycles). Composite response curves for each sensor were obtained by combining and fitting the three pre-and post-cycle data sets. The residuals (difference between each measured and the composite fitted value) were calculated for each individual sensor at the pre-cycle and each of the two post-cycle conditions and analyzed to determine the influence of fatigue. The residuals were analyzed statistically for normality, trends or patterns, and equality of variance. The standard error of the measurement was defined by calculating the pooled standard deviation of the residuals for all the data (3 curves each for 5 sensors) and representing that variability as a percentage of full scale.
RESULTS
Sensor Design
The silicon-based sensor head has the dimensions of 280 lm in diameter and a length of 750 lm, with a wall thickness of approximately 55 lm (Fig. 2) . Functionality of the sensor is based on the deflection of a reflective diaphragm. The diaphragm geometry (diameter and thickness) was defined by fabrication specifications and verified with SEM images of the sensor head. By using the rule of mixtures and the individual properties of the silicon-based materials utilized in fabrication, an effective Young's modulus of 111 GPa and an effective Poisson's ratio of 0.20 were calculated for the sensor diaphragm. Figure 3 shows the theoretical deflection of a rigidly supported diaphragm using these dimensions and properties, as calculated with Eq. (1). For comparison, the theoretical deflection of a simply supported diaphragm has also been calculated and included.
Sensor Calibration
The sensor function data was best fit by a fourthorder polynomial. Pressure microsensors exhibited excellent precision with an average sensitivity of 3.7-4.0 nm of deflection per mmHg of pressure, over the range of 0-250 mmHg. Therefore, due to the fidelity of the sensor and measurement system, the theoretical resolution is approximately 0.25 mmHg. In addition, mechanical analysis of the sensor body loaded with pressure on the diaphragm face resulted in a theoretical deformation of 4 9 10 À4 nm per mmHg of pressure.
FIGURE 2. Magnified image that shows a human hair compared to the pressure sensor mounted at the end of a 135 lm diameter single-mode optical fiber.
Sensor Performance
Characterization results showed that the microsensor has excellent accuracy, repeatability, and minimal hysteresis. Based on sensor calibrations, pressure microsensor responses correlated very closely with the NIST Traceable pressure standard. The average accuracy was better than 2% FSO, and repeatability and hysteresis were better than 1% FSO (Table 2) . Individual sensors were shown to perform with similar functional characteristics, as demonstrated by the low standard deviations.
Fatigue Testing
Analysis of the response curves generated before and after 1,000 and 10,000 cycles of a 0-300 mmHg square wave revealed that there was no correlation of the residual mean and variance to fatigue cycles (Fig. 4) . Additionally, the standard error of these sensors based on the pooled standard deviation from all the sensor fatigue tests was calculated to be 0.25 ± 0.10%, FSO.
DISCUSSION
Using a broadband light source for Fabry-Perot interferometric, analysis of an optical path length has been shown to be very useful in the design and function of this new pressure microsensor. The interferogram of the two reflections (R1 and R2) results in a characteristic fringe pattern based around the center wavelength of the broadband light source with a frequency component proportional to the optical path length (Fig. 1) . By performing a frequency analysis on the resultant interferogram, an absolute gap measurement between the end of the fiber and the diaphragm can be made. Utilizing a broadband light source and not Comparison of theoretical deflections of the microsensor diaphragm compared to a representative calibration curve of the described sensor. The sensor demonstrated significantly greater sensitivity over the dynamic range of 0-250 mmHg compared to the theoretical deflection of a rigidly supported diaphragm. However, the model for a simply supported diaphragm shows significantly greater deflection than the sensor response. Design of the sensor leads to a hybrid of a simply supported and rigidly support diaphragm.
a single wavelength, calculations are simplified and results in a unique solution. This new microsensor, with its size and functionality, represents a significant improvement over previous fiber-optic pressure sensors and opens the door to numerous potential physiologic applications. The DiGiovanni equation (Eq. 1) for deflection of a rigidly supported diaphragm was used as a conservative guide to determine the necessary sensor dimensions and properties needed to achieve the desired minimum sensitivity. Through an iterative design process, these sensors have been able to achieve sensitivities that exceed the desired minimal response of 2 nm/mmHg. Not surprisingly, each of the analyzed sensors demonstrated a sensitivity that is greater than the theoretical response for a rigidly supported diaphragm (Fig. 3) . The variation in sensitivity from the theoretical sensor response could be attributed to many factors. Based on the fabrication process of the sensor, the diaphragm is not anchored to the body in a perfectly defined rigid support. As also seen in Fig. 3 , the theoretical deflection of a simply supported diaphragm under load is significantly greater than a rigidly support diaphragm. The DiGiovanni elasticity equation 6 for deflection of a simply supported diaphragm is described in Eq. (2), variables are consistent with Eq. (1). Design of this new sensor is closer to a rigidly supported system; however, it is more accurate to describe the support as a hybrid of both. Therefore, it is reasonable for the calculated sensitivity to between a rigidly and simply supported system.
Additional variability can also be caused by differences between the measured and actual thickness (h) and radius (a) of the diaphragm, which have great influence on the deflection in response to pressure. The photoetching process that was utilized to fabricate these sensors has stated tolerances of ±7%, which can account for the majority of this deviation. Other etching issues, such as imperfect etch angle could account for the remaining variability. Lastly, the bulk material properties (Young's modulus and Poisson's ratio) were calculated by a weighted average of the individual material properties and the actual material properties of each sensor head may vary from the calculated average. Despite the variation between measured and theoretical function, each sensor was shown to be very robust in its accuracy, repeatability, fatigue, and hysteresis characteristics.
Even though the entire transducer is exposed to the varying pressures during the calibration procedure, mechanical analysis of the sensor body was performed to account for any deformation of the sensor body under pressure. If the sensor is loaded with pressure on the diaphragm face, the resulting deformation was calculated to be approximately 4 9 10 À4 nm per mmHg of pressure. Thus, if the analysis was expanded to include buttressing pressure on the transducer side, the deformation would be even less. However, this measurement is multiple orders of magnitude smaller than the noise floor of the FiberPro 2 TM demodulation system and not detectable. Therefore, this sensor has achieved its desired design specifications and is well suited for physiologic pressure measurements.
The transducer heads for this new microsensor are fabricated with a photoetching process. Therefore, the production variance has been significantly decreased with the improved performance characteristics compared to first generation sensor that were fabricated individually in a multiple step process from several materials (fused silica glass, polyimide, and aliphatic amine-cured mineral-filled epoxy adhesive) ( Table 1) . 1 Controlled photoetching also allows for significantly easier modification of parameters and dimensions of the sensor transducer to achieve different sizes, sensitivities, and operating pressure ranges for specific applications, greatly increasing the utility of the sensor technology. Sensor components are made of glass and silicon-based materials; therefore, biocompatibility in muscle and connective tissue is also likely to be maintained. 21 Another important characteristic of the sensor for biomedical applications is the ability to sterilize for use in vivo. Gas plasma and ethylene oxide have been shown to be appropriate techniques to sterilize these sensors prior to use.
Along with the improved fabrication process, the performance characteristics of this new generation fiber-optic pressure sensor make it ideal for numerous physiologic applications, where low pressure and small magnitude changes need to be accurately measured. Mechanical design of the sensor has resulted in excellent sensitivity, with theoretical resolution of less than 0.5 mmHg over the range of 0-250 mmHg, and accuracy, repeatability and hysteresis of less than 2% FSO. Closely related to the repeatability of the sensor is any effect of fatigue from standard use. Sensor response curves demonstrated excellent stability over repeated pressure cycling (Fig. 4) . Based on the residual analysis of sensor response as a function pressure cycling, fatigue does not lead to a change in sensor function. The observed variability of the sensors in the fatigue tests was very small and standard error of measurement was calculated to be 0.25 ± 0.10% FSO for all sensors analyzed. Therefore, these sensors are stable for continuous measurements of small pressure levels and increments.
This new sensor design also lends applicability for direct physiologic pressure measurements. This ultraminiature pressure sensor is 280 lm in diameter and 750 lm in length and is functional over a large dynamic range (> 1500 mmHg, data not shown) that exceeds potential physiologic pressure levels to be measured. The fundamentals of fiber optics as a measurement technique makes the sensors immune to electromagnetic interference, and therefore they can be used effectively in the presence of magnetic fields, microwaves, and radio frequency radiation.
In conclusion, a newly designed sensor has been developed. The sensor is comprised of a monolithic silicon-based transducer head attached to an optical fiber, allowing for a significantly smaller sensor head (280 lm diameter and less than 750 lm in length), and improved control of fabrication. Additionally, an electronic demodulation system has been improved to be able to interrogate a single sensor at 960 Hz or up to four sensors simultaneously at 240 Hz, greatly increasing their physiologic utility. In some instances, a sheath has been placed over the sensor head with a specific geometry on the distal end. This was done to recess the diaphragm at the distal end (in relation to the measurement system) to ensure hydrostatic pressure measurements and create a barb at the proximal end in order to anchor the sensor and effectively make in vivo intramuscular pressure measurements.
2,23
The size and design of the sensor make it ideal for catheter-based pressure applications, with potential to measure a pressure gradient down the length of the catheter at discrete points. Other potential applications for this next generation sensor are measurement of intracranial, intraocular, bladder, and respiratory pressures.
